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Abstract 

We investigate the influence of the fourth generation quarks on the branching 
ratio and the CP-asymmetry in B — > tt£ + £~ decay. Taking the iVf/rfV^I ~ 0.001 
with phase about 10°, which is consistent with the sin2(fti of the CKM and the Bj 
mixing parameter AniB d , we obtain that for both (/i, r) channels the branching ratio, 
the magnitude of CP-asymmetry and lepton polarization depict strong dependency 
on the 4th generation quarks mass and mixing parameters. These results can serve 
as a good tool to search for new physics effects, precisely, to search for the fourth 
generation quarks(t', b') via its indirect manifestations in loop diagrams. 
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1 Introduction 



The first evidence of new strong interactions may be a sufficiently massive fourth family 
observed at the LHC. The fourth family masses, of the leptons in particular, are constrained 
by the electroweak precision data, and this leads to signatures at the LHC that may imply 
early discovery. The discovery of a fourth family could potentially come quite early. The 
fourth family quarks and leptons are free to have mass mixing (CKM mixing) with the 
lighter fermions, and thus treelevel charged- current decays or some loop induced(FCNC) 
decays may affected by the existence of the 4th generation top like quark(t') (i.e, see [l]-[6]). 
We will discuss processes of this type that should be quite accessible at the LHC. There 
are constraints on a fourth family[7]. From the strong constraint on the number of light 
neutrinos, we know that the fourth family neutrino is heavy. The S and p parameters are 
sensitive to a fourth family, but the experimental limits on these parameters have been 
evolving over the years in such a way that the constraint on a fourth family has lowered. 
In addition, the masses of the fourth family leptons may be such as to produce negative S 
and T. As discussed in [8] and the reference therein the constraints from S and T do not 
prohibit the fourth family, but instead serve only to constrain the mass spectrum of the 
fourth family quarks and leptons. The implied masses for the fourth family leptons should 
make them particularly accessible at the LHC, with neutrino pair production providing the 
most interesting signatures. Any way, a sequential fourth family is theoretically attractive 
because it makes it possible that a theory of flavor is related to the breakdown of a simple 
family gauge symmetry [9]. In contrast, new fermions not having standard model quantum 
numbers would be more surprising and difficult to understand. 

New Physics (NP) can be searched for in two ways: either by raising the available energy 
at colliders to produce new particles and reveal them directly, or by increasing the experi- 
mental precision on certain processes involving Standard Model (SM) particles as external 
states. The latter option, indirect search for NP, should be pursued using processes that 
are forbidden, very rare or precisely calculable in the SM. In this respect, Flavor Changing 
Neutral Current (FCNC) and CP-violating processes are among the most powerful probes 
of NP, since in the SM they cannot arise at the tree-level and even at the loop level they 
are strongly suppressed by the GIM mechanism. Furthermore, in the quark sector they are 
all calculable in terms of the CKM matrix, and in particular of the parameters p and fj 
in the generalized Wolfenstein parametrization [10]. Unfortunately, in many cases a deep 
understanding of hadronic dynamics is required in order to be able to extract the rele- 
vant short-distance information from measured processes. Lattice QCD and QCD sum 
rules allow us to compute the necessary hadronic parameters in many processes. Indeed, 
the Unitarity Triangle Analysis (UTA) with Lattice QCD input is extremely successful in 
determining p and fj and in constraining NP contributions [11, 12, 13, 14, 15]. 

Once the CKM matrix is precisely determined by means of the UTA, it is possible to 
search for NP contributions. FCNC and CP-violating are indeed the most sensitive probes 
of NP contributions to penguin operators. Rare decays, induced by flavor changing neutral 
current (FCNC) b — > s(d) transitions is at the forefront of our quest to understand flavor 
and the origins of CPV, offering one of the best probes for New Physics (NP) beyond the 
Standard Model (SM) [16]-[18]. In addition, there are important QCD corrections, which 
have recently been calculated in the NNLL[19]. Moreover, b — > s(d)i + i~ decay is also very 



sensitive to the new physics beyond SM. New physics effects manifest themselves in rare 
decays in two different ways, either through new combinations to the Wilson coefficients or 
through the new structure of the operator in the effective Hamiltonian, which is absent in 
the SM. A crucial problem in the new physics search within flavor physics is the optimal 
separation of new physics effects from uncertainties. It is well known that inclusive decay 
modes are dominated partonic contributions; non-perturbative corrections are in general 
rather small [20]. Also, ratios of exclusive decay modes such as asymmetries for B — > 
K( K*, p, 7) £ + £~ decay [21]- [30] are well studied for new-physics search. Here large 
parts of the hadronic uncertainties, partially, cancel out. 

In this paper, we investigate the possibility of searching for new physics in the B — > 
n£ + £~ decay using the SM with four generations of quarks(6', t'). The fourth quark (£'), 
like it, c, t quarks, contributes in the b — > s(d) transition at loop level. It would clearly 
change the branching ratio and CP-asymmetry. Note that, fourth generation effects on the 
branching ratio have been widely studied in baryonic and semileptonic b — > s transition 
[31]-[42]. But, there isn't any study related to the b — > d transitions . 

The sensitivity of the physical abservable to the existence of fourth generation quarks 
in the B — > K*£ + £~ decay is investigated in [6] and it is obtained that the CP asymmetry 
is very sensitive to the fourth generation parameters (m t /, V t >bV t * d ). In this connection, 
it is natural to ask whether the branching ratio, CP-asymmetry and lepton polarization 
in B — > tt£ + £~ are sensitive to the fourth generation parameters in the same way. In the 
present work, we try to answer to these questions. 

The paper is organized as follows: In section 2, using the effective hamiltonian, the gen- 
eral expressions for the matrix element and CP asymmetry of B — > ir£ + £~ decay is derived. 
Section 3 is devoted to calculations of lepton polarization. In section 4, we investigate the 
sensitivity of the above mentioned physical observable to the fourth generation parameters 

(ttv, v t , h v; d ). 



2 Matrix Element, Differential Decay Rate and CP 
Asymmetry 

With a sequential fourth generation, the Wilson coefficients C7, Cg and C10 receive con- 
tributions from the t' quark loop, which we will denote as C"g w 10 . Because a sequential 
fourth generation couples in a similar way to the photon and W, the effective Hamiltonian 
relevant for b — > d£ + £" decay has the following formula: 

AC 10 

We// = -4^^^)^), (1) 

V2 i=1 

where the full set of the operators Oi(fx) and the corresponding expressions for the Wilson 
coefficients Ci(fx) in the SM are given in [43]-[45]. As it has already been noted , the fourth 
generation up type quark t' is introduced in the same way as u, c, t quarks introduce in the 
SM, so, new operators do not appear and clearly the full operator set is exactly the same 
as in SM. The fourth generation changes the values of the Wilson coefficients C 7 (/i), Cg(fx) 
and Cio(/i), via virtual exchange of the fourth generation up type quark t'. The above 



mentioned Wilson coefficients will explicitly change as 

Xtd - A t Cf M + \ t ,Cr w , (2) 
where A/ = Vf b Vf d . The unitarity of the 4 x 4 CKM matrix leads to 

X u + A c + X t + A r = 0. (3) 

It follows that 

X t Cf M + A t ,Cf e ™ = X c Cf M + A*/ (Cf e ™ - Cf M ) (4) 

It is clear that, for the m# — ■> mt or Af — > 0, At'(C™ 6 "' — Cf M ) term vanishes, as required 
by the GIM mechanism. One can also write Cj's in the following form 

g**m = c? M (/.) + ^cr» , 

At 

At 

At 

where the last terms in these expressions describe the contributions of the t' quark to the 
Wilson coefficients. X t > can be parameterized as: 

At' = V; b V t , d = r db e^ (6) 

In deriving Eq. (5), we factored out the term V^ b V td in the effective Hamiltonian given 
in Eq. (1). The explicit forms of the C™ ew can be easily obtained from the corresponding 
expression of the Wilson coefficients in SM by substituting m t — > m t > (see [43, 44]). If the d 
quark mass is neglected, the above effective Hamiltonian leads to following matrix element 
for the b —> d£ + £" decay 



We// - 



2C t 7 ° t ^da, u q»(l + l5 )bi 1 , 



(7) 



where q 2 = {pi + P2) 2 and pi and p<i are the final leptons four-momenta. The effective 
coefficient can be written in the following form: 

C 9 e// = 6 + y^2 + Y(s') , (8) 

At 

where s' = q 2 jm\ and the function Y(s') denotes the perturbative part coming from one 
loop matrix elements of four quark operators [43, 45]. The explicit expressions for £ 1; £ 2 , 
and the values of C; in the SM can be found in [43, 45]. 
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(jSM 


r<sM 

°10 


-0.248 


1.107 


0.011 


-0.026 


0.007 


-0.031 


-0.313 


4.344 


-4.669 



Table 1: The numerical values of the Wilson coefficients at /i — m b scale within the SM. 
The corresponding numerical value of C° is 0.362. 

In addition to the short distance contribution, Y per (s') receives also long distance contri- 
butions, which have their origin in the real cc and uu intermediate states. The resonances 
are introduced by the Breit-Wigner distribution through the replacement [46]- j 



Y(s') = Y mr (s') + ~ 2 C* E * V ^'i • (») 

« - s m b - irn Vi T Vi 

where = 3Ci + C 2 + 3C 3 + C 4 + 3C 5 + C 6 . The phenomenological parameters can 
be fixed from experimental measurements of semileptonic B decays (i.e, B[B — > K*Vi — > 
K*£ + £-) = B(B -> if* VJ) B(V; -> £+£"), where the data for the right hand side is given in 
[49]. For the lowest resonances J/^ and ■?/>' one can use k = 1.65 and k = 2.36, respectively 
(see [50])). 

One has to sandwich the inclusive effective hamiltonian between initial hadron state 
B{pb) and final hadron state ir(p n ) to obtain the matrix element for the exclusive decay 
B(pb) — > ^(Pw) £ + (p+)£~ (P-)- It follows from Eq. (7) that in order to calculate the decay 
width and other physical observable of the exclusive B — > tt£ + £~ decay, the following matrix 
elements in terms of form factors 

(7r(p n )\d^(l - ^BipB)) = f + (q 2 )(p«+p B )» + r(q 2 )q»i (10) 

(7r(^)|rfm^(l + 7 5 )6| J B(p i? )) = [q 2 (p„+PB)»-qMl- m l)}fv(q 2 ), (U) 

have to be calculated. In other words, the exclusive B — > n£ + £~ decay which is described in 
terms of the matrix elements of the quark operators given in Eq. (7) over meson states, can 
be parameterized in terms of form factors (/ + /~and f v ). We observe that in calculating 
the physical observable at hadronic level, we face the problem of computing the form factors. 
This problem is related to the nonperturbative sector of QCD and it can be solved only in 
framework a nonperturbative approach. In the present work, we will use of the results the 
constituent quark model predictions for the form factors. 

Now, we can obtain the matrix element which is as follows: 



M B - = ^V tb V;M2Ap^ + Bq^£ 1 ,£+(2Gp^ + Dq^£ 1 ^£}, (12) 



where 



A = C™ w f + - 2m B C? ew f v , (13) 

q 2 



B = cr(f + + n+^cr w f v (m 2 B-mi-q 2 )i 



From this expression of the matrix element, for the unpolarized differential decay width 
we get the following result: 

{-di) o = ^I^^IH^M- (14) 

K = - v 2 )(\A\ 2 + \G\ 2 ) + 16m 2 e r w \G\ 2 + 4m 2 £ s\D\ 2 (15) 

+ 8m2(l-r ff -s)ite[GD*], 

with rv = ml/m 2 B , K = r\ + (s - l) 2 - 2rv(s + 1), d = yl - ^- and t = m e /m B . 

Another physical quantity is normalized CP violating asymmetry which can be defined 
for both polarized and unpolarized leptons. We aim to obtain normalized CP violating 
asymmetry for the unpolarized leptons. The standard definition are given as: 

A« ^ _ V d§ Jo V d§ Jo _ &n~A n 



ds J q y ds J q 



where 



dT n dT*(b^dl + t) , dT* dT*(b^dt 

-, and, 



ds ds ds ds 

and (dr T /ds)o can be obtained from (dT n /ds)o by making the replacement 

cf f = 6 + A„6 - c 9 e// = 6 + a;6 • (17) 

Using this definition and the expression for A„-(s) the CP violating asymmetry contributed 
from SM3 and new contribution from SM4 are: 

Y^SM ^neui 

A CP( S ) = A l , E 5M , <£new ^ 



where 



S 5M (s) = 4Im(\ u )lf + 'lm(&Z 2 ) + 2f + f v m B Im(C 7 &)\, (19) 



= AIm(^)^2f + f v m B [Im(c 7 c^ w *)-Im(c^ w Ci)] 
+ / +2 /m(cr%*)} 

+ 4Im(^X u ){2f + f v m B Im(c 7 C 2 ) + f + * Im(&Z 2 ) 



(20) 



A 



+ 4/m(^A u ){ - r 2 /m(c£ e %*) + 2f + f v m B Im{c n ™e 2 ) 



+ 4/m(A u 



t 

'A* 



/+ /m(c--6) - 2f + f v m B Im(cr w C2) 



and 

A 1 - ^ (21) 

From this expression, it is firstly easy to see that in the Af — > the SM3 result can be 
obtained. Secondly, when m t > — * rrit the result of the SM4 coincide withe the SM3 as it has 
to be seen(See figures), even if it is not obvious from the expressions. 



3 Lepton polarization 

In order to now calculate the polarization asymmetries of the lepton defined in the effective 
four fermion interaction of Eq. (12), we must first define the orthogonal vectors S in the 
rest frame of £~ (where its vector is the polarization vector of the lepton). Note that, 
we use the subscripts L, N and T to correspond to the leptons being polarized along the 
longitudinal, normal and transverse directions, respectively. 



st = 


(0,e L ) 


CM 

°N — 


(0,e N ) 




(0,e T ) 




I Pit X P-l/ 

(0,e N xe L ), (22) 

where p_ and p„- are the three momenta of the t~ and n particles, respectively. The 
longitudinal unit vectors is boosted to the CM frame of £~£ + by Lorenz transformation: 



rri£ m e \p-\ 



while the other two vectors remain unchanged. The polarization asymmetries can now be 
calculated using the spin projector |(1 + 75$) for i~ . 

Provided the above expressions, we now define the single lepton polarization. The 
definition of the polarized and normalized differential decay rate is: 

**4> -!(£),, + ™. 

where a sume over i = L, T, N is implied. Polarized components Pf in Eq. (23) are as 
follows: 

i ~ dT*(n = ei)/ds + dT*(n = -e^/ds ' 1 ' 

As a result, the different components of the P? are given: 

PI = -^vKRe[AG% (25) 

p« = -^-^Jx^tl Re[AD*]s + Re[AG*](l - r n - s) ], (26) 
Pn = 0. 



A few words here are in order. Firstly, Pjy is zero in SM3 and SM4. It might be gained 
non-zero value in the case that the type of the interaction change(i.e, scalar or tensor type 
interactions may contribute). Secondly, is proportional to the lepton mass and it is 
negligible for electron case in SM3, considering SM4, it will be measurable in the case that 
Wilson coefficients enhanced significantly by m t >. 



4 Numerical analysis 

In this section, we will study the dependence of the total branching ratio, CP asymme- 
try and lepton polarizations as well as combined lepton polarization to the fourth quark 
mass(m t /) and the product of quark mixing matrix elements (V t * b V t 'd = r,ib^ dh )- The main 
input parameters in the calculations are the form factors, we have used the results of the 
constituent quark model [51], where the form factors fr and /+ can be parameterized as: 

f( a 2) = 1^1 (07) 

J{q } (1 - q 2 /Tj)[l - <7 1? 2 /M 2 + a 2 g 4 /M 4 ] ' 1 ; 

In this model, /_ is defined slightly different and it is as: 

/(g2) = [1 - a ig yM 2 + a 2 g 4 /M 4 ] ' (28) 
The parameters /(0), oVs can be found in Table 2. 
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0"1 


0"2 


u 


0.29 


0.48 




F 


0.29 


0.76 


0.28 


fv 


0.28 


0.48 





Table 2: B — > 7r transition form factors in the constituent quark model. 
The other input parameters used in our numerical analysis are as follows: 

m B = 5.28 GeV, m b = 4.8 GeV, m c = 1.5 GeV, m T = 1.77 GeV, m e = 0.511 MeV, 



\V r 



cb\ 



0.105 GeV, m p = 0.77 GeV , m d = m u = = 0.14 GeV , 
= 0.044 , a' 1 = 129 , G f — 1.166 x 10" 5 GeV" 2 , r B = 1.56 x 10" 12 s . 



In the Wolfenstein parametrization of the CKM matrix [10], \ u is written as: 



A,, 



IT] 



(i-py + v 2 



+ 0(A 2 ). 



(29) 



(30) 



Furthermore, we use the relation 

v tb v t T 



W, 



cb\ 



\ 2 [(i-p) 2 + v 2 ] + o(\ 4 ) 



(31) 



where A = sin6>c — 0.221 and adopt the values of the Wolfenstein parameters as p = 0.25 
and rj = 0.34. 

In order to perform quantitative analysis of the total branching ratio, CP asymmetry 
and the lepton polarizations, the values of the new parameters (m t >, r^, <t>db) are needed. 
In the foregoing numerical analysis, we alter m t > in the range 175 < m t > < 600GeV. The 
lower range is because of the fact that the fourth generation up quark should be heavier 
than the third ones(m t < m t r)[7]. The upper range comes from the experimental bounds 
on the p and S parameters of SM, furthermore, a mass greater than the 600GeV will also 
contradict with partial wave unitarity[7]. As for mixing, we use the result of Ref [52] where 
it is obtained that IV^V^&I ~ 0.001 with phase about 10° is consistent with the sin2(f) 1 of 
the CKM and the B>d mixing parameter Ams d [52]. 

Still, one more step can be proceeded. From explicit expressions of the physical observ- 
able one can easily see that they depend on both s and the new parameters (mt', Tab)- One 
may eliminate the dependence of these quantities on one of the variables. We eliminate the 
variable s by performing integration over s in the allowed kinematical region. The total 
branching ratio and the averaged lepton polarizations are defined as 



Figs. (l)-(8) depict the dependence of the total branching ratio, unpolarized averaged 
CP asymmetry and averaged lepton polarization for various in terms of % . We should 
note, here, that the dependency for various <pdb ~ {0° — 30°} is too weak, then we show the 
results just for <p d b = 15°. Looking at these figures, the following outcomes are in order. 

• B r strongly depends on the fourth quark mass(m t /) and the product of quark mixing 
matrix elements^;,) for both p and r channels. Furthermore, for both channels, B r 
is an increasing function of both m t ' and r d b- 

• PI and Agp are independent of the lepton mass(See Eq. (25) and (16)) as a result, 
for given values of s they are the same for e, p, and r channels. The situation is 
different for the (P[) and (Aq P ), those values for r channel are less than as for p 
and e channel, because the phase integral depends on the lepton mass(m^)(see Eq. 
(32)). The SM3 value of (P£) and (Aq P ) are negligible for the r channel(~ 2% and 
~ 0.1%, respectively). The SM4 suppress those approximately to zero. On the other 
hand, (P£) and (Aq P ) for e, p channels are strongly depends to the SM4 parameters. 
Moreover, their magnitudes are a decreasing function of the r<j& and m t >. 

• Although, (Pj.) strongly depends on the fourth quark mass(m t /) and the product of 
quark mixing matrix elements(r s b) for both p and r channels. But, its magnitude is 
a decreasing function of both m t t and r^. So, the existence of fourth generation of 
quarks will suppress the magnitude of (Pj)- 




B r 



(32) 



In conclusion, we presented the systematic analysis of the B — > tt£~£ + decay, by us- 
ing the SM with fourth generation of quarks. The sensitivity of the total branching ratio, 
CP asymmetry and lepton polarization on the new parameters, coming out of fourth gen- 
erations, was studied. We found out that above mentioned physical observable depicted 
a strong dependence on the fourth quark (m?) and the product of quark mixing matrix 
elements (V t * b V t 'd = r db e t<l)db ). We obtained that the study of these readily measurable quan- 
tities specially, for both fi case could serve as a good tool to look for physics beyond the 
SM. More precisely, the results could be used to indirect search to look for fourth generation 
of quarks. 
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Figure captions 

Fig. (1) The dependence of the branching ratio of B — > n£~£ + where, £ — e, /i, on m t ' for 
r db = 0.001, 0.002, 0.003. 

Fig. (2) The same as in Fig. (1), but for the r lepton. 

Fig. (3) The dependence of the (A C p) on m t > for r db = 0.001, 0.002, 0.003, where i = e, fx. 
Fig. (4) The dependence of the (P L ) for e lepton, on m t , for r db = 0.001, 0.002, 0.003. 
Fig. (5) The same as in Fig. (4), but for the \i lepton. 
Fig. (6) The same as in Fig. (4), but for the r lepton. 

Fig. (7)The dependence of the (P T ) for /i lepton, on m t > for r db = 0.001, 0.002, 0.003. 
Fig. (8) The same as in Fig. (7), but for the r lepton. 
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